Abstract-Our previous studies suggested that enhanced fibronectin mRNA translation in ductus arteriosus compared with aortic smooth muscle cells is related to increased expression of light chain 3 (LC3) of microtubule-associated protein 1, which binds an AU-rich element in the 3Ј untranslated region of fibronectin mRNA. We therefore hypothesized that microtubules are involved in LC3-mediated fibronectin mRNA translational regulation. In this study we show that disruption of microtubules by colchicine inhibits fibronectin mRNA translation in cultured ductus arteriosus smooth muscle cells. We proposed that the mechanism might be related to decreased docking of fibronectin mRNA on the translational machinery, ie, membrane-bound polysomes on rough endoplasmic reticulum, and confirmed this by Northern blot analysis. To investigate the mechanism further, we carried out polysome analysis using sucrose gradient centrifugation and fractionation and studied the polysomal distribution of fibronectin mRNA and LC3 protein in the sucrose gradient by using RNase protection assay and Western immunoblotting, respectively. Colchicine treatment shifts fibronectin mRNA from the fractions containing membrane-bound polysomes to the fractions carrying free polysomes and concomitantly decreases the amount of LC3 protein in the fractions containing membrane-bound polysomes. Furthermore, an EDTA-release experiment demonstrates that LC3 protein associates with the 60S ribosomal subunit. Our data support the concept that microtubules may function with LC3 to facilitate sorting of fibronectin mRNA onto rough endoplasmic reticulum and translation. (Circ Res. 1998;83:481-489.)
F
ibronectin is a large extracellular matrix glycoprotein involved in cell adhesion, migration, and differentiation. 1 Its synthesis is regulated at both the transcriptional and posttranscriptional levels. Posttranscriptional mechanisms include enhanced mRNA translation 2 or increased mRNA stability. 3, 4 Our previous studies have shown that increased fibronectin synthesis is necessary for the migratory phenotype of ductus arteriosus smooth muscle cells (SMCs). 5, 6 The increased fibronectin synthesis by ductus arteriosus compared with aortic SMCs results from more efficient mRNA translation. 7 The underlying mechanism has been related to an AU-rich element (ARE) in the 3Ј untranslated region (3ЈUTR) of fibronectin mRNA and an RNA-binding protein that we have purified and identified as the light chain 3 (LC3) of microtubule-associated protein 1. 8 LC3 is a basic protein with arginine-rich sequences similar to those in arginine-rich RNA-binding proteins previously described.
9 LC3 binds to the ARE in the 3ЈUTR of fibronectin mRNA in vitro. 8 Several lines of evidence suggest that their interaction in vivo may facilitate fibronectin mRNA translation in vascular SMCs. 8 First, in cultured ductus arteriosus and aortic SMCs, mutation of the ARE downregulates the translation of a chimeric mRNA containing the chlorampenicol acetyltransferase coding region and downstream fibronectin mRNA 3ЈUTR. Second, SMCs transfected with the chlorampenicol acetyltransferase-fibronectin 3ЈUTR construct bearing a wild-type but not mutated ARE decrease endogenous fibronectin synthesis, presumably because of the decoy of cytoplasmic ARE-binding factors by the vector ARE. Third, the increased amount of LC3 protein correlates with the increased ARE-binding activities in cultured ductus arteriosus compared with aortic SMCs, and LC3 protein colocalizes with fibronectin protein in the migratory SMCs in ductus arteriosus tissue during the early formation of the intimal cushion. Last, overexpression of LC3 in aortic SMCs optimizes fibronectin mRNA translation to the levels observed in ductus arteriosus SMCs.
Microtubules have been implicated in the storage, sorting, and translational control of mRNAs in a variety of cells. 10 -14 Signals that direct intracellular localization of mRNAs via microtubules are found within the 3ЈUTR of mRNAs. [15] [16] [17] [18] Several trans-acting factors that recognize cis elements in the 3ЈUTR of RNA, as well as bind to microtubules, have been reported. 19 -22 Although most of the studies are related to localized mRNAs that encode mostly cytoskeletal or cytoplasmic proteins, the functional involvement of microtubules in the sorting and translation of secreted proteins, eg, fibronectin, has not been explored. Since LC3 was initially cloned from a rat brain cDNA library, colocalizes with microtubules in cultured rat neuronal cells, and coprecipitates with in vitro assembled microtubules, 23 the dual function of LC3 as an RNA-binding protein, as well as a microtubuleassociated protein, suggests that microtubules may play a role in translational regulation of fibronectin mRNA by LC3.
In the present study, we therefore address the role of microtubules in the context of LC3 in regulating fibronectin mRNA translation. We show that disruption of microtubules in cultured ductus arteriosus SMCs by colchicine treatment inhibits fibronectin mRNA translation. Analysis of intracellular distribution of fibronectin mRNA and LC3 protein by cellular fractionation and polysomal profile analysis demonstrates a concomitantly decreased association of fibronectin mRNA and LC3 protein with rough endoplasmic reticulum (RER) membrane-bound polysomes in cells after colchicine treatment. An EDTA-release experiment illustrates association of the LC3 protein with the 60S ribosomal subunit. These data support a role for microtubules in facilitating LC3-mediated enhancement of fibronectin mRNA RER sorting and translation.
Materials and Methods

Cell Culture
Primary ductus arteriosus SMC culture was prepared from fetal Rambouillet lambs (Renwick Farms, Clifford, Ontario) on day 100 of a 145-day timed gestation period, as previously described. 24 Cells were propagated by tissue explant after removing endothelial layers and adventitia and cultured in medium 199 with 10% FBS (GIBCO-BRL). In the experiments to examine the effect of microtubule structure on fibronectin synthesis, 2ϫ10 6 ductus arteriosus SMCs were seeded into 6-well dishes and cultured for 24 hours, followed by a 2-hour treatment with 10 mol/L colchicine, a microtubuledepolymerizing agent. After the cells were washed with methioninefree media, they were labeled with [ 35 S]methionine (100 Ci/mL, Amersham Corp) in 1 mL serum-and methionine-free media containing colchicine in the above concentrations for an additional 2 hours. At the end of labeling, the cells were photographed under a phase-contrast microscope before removal of the conditioned media. The conditioned media were collected for assessment of total protein synthesis and fibronectin production. Cells were lysed and extracted for total RNA.
Indirect Immunofluorescence
For double-immunofluorescence staining of LC3 and tubulin, 10 5 cells were plated on coverslips and cultured for 3 days. After treatment with colchicine for 2 hours, cells were fixed by 4% paraformaldehyde in microtubule-stabilizing buffer (100 mmol/L PIPES [pH 6.9], 4 mmol/L MgSO 4 , and 1 mmol/L EGTA) for 20 minutes at room temperature and permeabilized with 0.1% Triton X-100 in PBS for 2 minutes on ice. Fluorescent labeling for tubulin and LC3 was carried out using a monoclonal mouse anti-␣-tubulin IgG (1:1000; Sigma Chemical Co) and a rabbit anti-LC3 antiserum (1:100, a gift from Dr J. Hammarback, Department of Neurobiology and Anatomy, Bowman Gray School of Medicine, Winston-Salem, NC). 23 Secondary antibodies used were fluorescein-conjugated goat anti-mouse IgG and Texas red-conjugated goat anti-rabbit IgG (all dilutions at 1:100). Normal rabbit IgG and secondary antibody alone were used as controls. Cell nuclei were stained with 1:10 000 diluted DAPI (Sigma) in PBS for 10 minutes.
Total Protein and Fibronectin Synthesis
Measurement of total protein synthesis was carried out by collecting conditioned media from normal or colchicine-treated cultures. Cell numbers were then counted after trypsinization. Secreted total proteins in aliquots (50 L) of conditioned media were precipitated with trichloroacetic acid (TCA), and radioactivity reflecting newly synthesized and secreted protein was counted by liquid scintillation spectrometry and normalized for cell number.
Assessment of fibronectin protein production was performed as previously described 25 by incubating conditioned media containing equal counts (5ϫ10 6 cpm) of total TCA-precipitated protein with 50 L of Gelatin 4B Sepharose (Pharmacia Biotech Inc). Fibronectin retained on the beads was eluted by boiling for 5 minutes in 100 L SDS sample buffer and resolved by 6% SDS-PAGE. Gels were prepared for fluorography by treatment with En 3 Hance (DuPont-NEN), dried, and exposed to the film. With the autoradiograph used as a template, the corresponding bands were cut from the gel, and the radioactivity was determined by liquid scintillation spectrometry.
RNA Extraction and Northern Blot
Total RNA was extracted using Trizol reagent (GIBCO) according to the manufacturer's instructions. Extracted total RNA (10 g) from each condition was separated by 1% agarose gel, transferred onto a nylon membrane (Amersham) by capillary elution, and fixed by UV irradiation. After the blocking procedure, the membranes were probed with a [
32 P]dCTP randomlabeled 1.4-kb human fibronectin (GIBCO) or 0.4-kb human cDNA probe for human c-myc (Oncogene) at a concentration of 10 6 cpm/mL overnight at 50°C, followed by 2 washes with 2ϫ SSC/0.1% SDS at 55°C for 30 minutes and 1 wash with 0.2ϫ SSC/0.1% SDS at 65°C for 1 hour. Autoradiographs of Northern blots were analyzed by densitometry. Ethidium bromide staining of 28S and 18S RNAs served to control loading conditions.
Cell Fractionation
Cultured ductus arteriosus SMCs were washed in PBS and scraped into 14-mL Falcon tubes in 5 mL PBS. After centrifugation at 500g for 5 minutes, the cell pellets were extracted for 5 minutes on ice with 1 mL lysis buffer (10 mmol/L Tris-HCl [pH 7.4], 0.15 mol/L NaCl, 5 mmol/L MgCl 2 , 0.1 mmol/L phenylmethylsulfonyl fluoride, 10 mmol/L dithiothreitol, 5 g/mL cycloheximide, 100 U/mL RNAguard [Pharmacia], and 0.5% Nonidet P-40 [vol/vol]) and lysed with a Dounce homogenizer, type B pestle. After removal of nuclei by centrifugation at 1000g for 5 minutes, the lysate was centrifuged at 16 000g for 30 minutes. RNA was extracted from the supernatant (free and cytoskeletal-bound polysomes) and the pellet (membrane-bound polysomes) 26 and analyzed for fibronectin mRNA by Northern blot.
Polysome Profile Analysis
Analyses of polysome profiles by sucrose gradient fractionation were performed with the use of 2ϫ10 7 confluent cells as previously described. 27 Cells were harvested and homogenized with lysis buffer (10 mmol/L Tris-HCl [pH 7.4], 100 mmol/L NaCl, 5 mmol/L MgCl 2 , 200 U/mL RNAguard, 100 g/mL cycloheximide, and 0.5% NP-40). Nuclei were pelleted by centrifugation at 4°C and 12 000g for 2 minutes. The resulting supernatant (200 L) was layered on 4.5 mL of a 15% to 40% sucrose gradient and centrifuged at 42 000 rpm for 2 hours at 4°C in a Beckman SW 50.1 rotor. After centrifugation, 17 fractions (0.25 mL each) were collected from top to bottom, and the absorbency of the fractions was measured at 254 nm. Proteins and RNA were extracted from each fraction using Trizol reagent (GIBCO) according to the manufacturer's instructions. Further analyses of the distributions of LC3 protein and fibronectin or c-myc mRNA were performed by Western immunoblotting and RNase protection assays or Northern blot analysis, respectively. The results were analyzed by the NIH image program and used for graphic presentation.
To study the potential association of LC3 protein with ribosome subunits, total cell lysates were treated with EDTA at a concentration of 10 mol/L for 30 minutes on ice to release ribosome subunits from polysomes before the sucrose gradient centrifugation for 4 hours as described previously.
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RNase Protection Assays
The construct used in in vitro synthesis of the sheep-specific antisense fibronectin RNA probe for the RNase protection assay was made using a standard reverse transcription-polymerase chain reaction method. One microgram of total RNA harvested from cultured lamb aortic SMCs was primed with a synthetic oligonucleotide, 5Ј-TGTTCGGTAATTAATGGAAATTGG-3Ј, which complemented the 3Ј end of human fibronectin exon 7, and the reaction was driven by the MMLV reverse transcriptase (GIBCO). The polymerase chain reaction was then carried out by adding the 5Ј primer, 5Ј-TTTCTGATGTTCCGAGGGACC-3Ј, which is homologous to the 5Ј end of human fibronectin exon 6. The 221-bp polymerase chain reaction product containing sheep fibronectin exons 6 and 7 were cloned into a pCR2.1 vector (Invitrogen Co). After linearizing by SacI, a 329-nt antisense RNA was generated by an in vitro transcription reaction using T7 RNA polymerase. The expected protected fibronectin mRNA was 221 nt.
RNase protection assays were carried out using a Ribonuclear Protection Kit II (Ambion) according to the manufacturer's instructions. For each reaction, 8ϫ10 4 -cpm probes were hybridized with RNA extracted from each fraction of sucrose gradients overnight at 45°C. Yeast RNA (10 g) was used as a negative control. The protected probes were separated by 6% acrylamide/8 mol/L urea gel after RNase T1/RNase A digestion.
Western Immunoblotting
Western immunoblot analysis was performed using a standard protocol. Samples were separated by SDS-PAGE and transferred onto a polyvinylidene fluoride membrane. The blot was blocked for 1 hour at room temperature in Tris-buffered saline containing 0.5% Tween 20 and 5% nonfat milk and then probed with rabbit anti-LC3 antiserum (1:2000 dilution). The blot was washed 4 times for 5 minutes each with Tris-buffered saline containing 0.5% Tween 20, followed by incubation with horseradish peroxidase-conjugated goat anti-rabbit IgG (1:3000; Bio-Rad Laboratories) for 1 hour at room temperature. The blots were washed 4 times for 5 minutes each with Tris-buffered saline containing 0.5% Tween 20 and developed with the use of an enhanced chemiluminescence kit (ECL, Amersham) according to the supplier's instructions.
Results
Intact Microtubule Structures Are Important for Fibronectin Synthesis
Colchicine was applied to disrupt microtubules in cultured ductus arteriosus SMCs. Fibronectin synthesis in normalcultured and colchicine-treated cells was examined. Treatment of cells with 10 mol/L colchicine for 2 hours induced changes in cell shape related to alterations in microtubule structure (Figure 1 ). Those treated with colchicine looked foreshortened, with fragmentation of microtubules, which appeared as condensations in the perinuclear region as well as at the cell edge ( Figure 1B versus  1A) . The distribution of LC3 in colchicine-treated and normal-cultured cells was similar in its perinuclear distribution and punctate appearance. Cells probed with normal IgG instead of primary antibody were used as negative controls and showed only nuclear staining of DAPI ( Figure   1C ). Cells were then labeled with [
35 S]methionine for 2 hours, and conditioned media were collected for fibronectin extraction. Although only a slight statistically insignificant decrease (Ͻ10%) in synthesis of total secreted proteins was observed after colchicine treatment ( Figure  2a ), fibronectin extracted from conditioned media containing an equal amount of total TCA-precipitated protein was reduced by 80% in cells treated with colchicine compared with control cells (Figure 2b and 2c, PϽ0 .01). Although we cannot exclude the possibility that synthesis of some other proteins was also altered, the reduction in fibronectin was not the byproduct of a generalized effect of colchicine on protein synthesis. Northern blot analysis demonstrated that the steady-state levels of fibronectin mRNA were not changed in cells treated with colchicine compared with control cells (Figure 2d ). This is consistent with the reduction of fibronectin synthesis by disruption of microtubules being related to a suppression of mRNA translation.
We confirmed that cells were seeded at the same density, and cell lifting and loss were not observed during the treatment of colchicine when the cells were examined and photographed under a phase-contrast microscope (Figure 3) . Since the time frame of the experiment was only 4 hours but the doubling time of these primary ductus arteriosus SMCs is Ϸ72 hours, the selective reduction in fibronectin secretion after colchicine was unlikely due to mitotic arrest. In addition, there was no retention of newly synthesized fibronectin within the cells, ie, blocked secre- tion (data not shown). We also confirmed, by Western immunoblot, that the decreased fibronectin synthesis after colchicine treatment was not reflected in a decrease in LC3 protein (data not shown).
Sorting of Fibronectin mRNA to RER Membrane-Bound Polysomes Requires Microtubules
Since fibronectin is a secreted glycoprotein, the signal peptide would direct fibronectin mRNA to the RER, where fibronectin mRNA is translated. We therefore examined whether disruption of microtubules alters fibronectin mRNA distribution, eg, its association with RER membrane-bound polysomes. Cultured ductus arteriosus SMCs were lysed with nonionic detergent, NP-40. Free and membrane-bound polysomes were fractionated by 1-step centrifugation as described in Materials and Methods. The supernatant of the cytoplasmic extract contains free polysomes and polysomes released from the cytoskeleton, whereas the pellet contains RER membraneassociated polysomes. RNA was extracted from both portions, and distribution of fibronectin mRNA was determined by Northern blot analysis. As shown in Figure 4 , in normal cultured cells, approximately equal amounts of fibronectin mRNA were found associated with membrane-bound polysomes (lane 1) and free polysomes (lane 2). However, in cells treated with colchicine, fibronectin mRNA associated with membrane-associated polysomes was reduced (lane 3) and appeared to be "shifted" or increased in inverse proportion into the free polysome fraction (lane 4). Thus, the reduction of fibronectin mRNA in RER membrane-bound polysomes by colchicine treatment implies that microtubules are involved in fibronectin mRNA sorting.
Polysomal Distribution of Fibronectin mRNA and LC3 Protein
To determine whether the effect of microtubules on fibronectin mRNA translation likely involves LC3, we applied a polysome profile analysis to compare the distribution of fibronectin mRNA and LC3 protein in normal-cultured cells with that of colchicine-treated cells. In normal cultures (Figure 5a , arrowhead indicates the position of 80S monosome), all the fibronectin mRNA was found in the polysome region, and there was no detectable fibronectin mRNA associated with ribosome subunits. The polysome-associated fibronectin mRNA in normal cultures was largely concentrated in the last 5 fractions (normal, fractions 13 to 17), which were located at the bottom of the sucrose gradient containing heavy polysomes. This suggests that most of the fibronectin mRNA is associated with RER membrane-bound polysomes and is translationally activated. In contrast, the distribution of fibronectin mRNA in colchicine-treated cells was shifted into fractions in the sucrose gradient, which contained lighter or free polysomes (colchicine, fractions 9 to 15). These data were further illustrated graphically by densitometric analysis.
The distribution of LC3 protein was also addressed by Western immunoblot, as shown in Figure 5b . In normal cultures, LC3 appeared in most fractions and had a dual distribution. The majority of LC3 was found at the top of the gradient (fractions 1 to 3), which is consistent with LC3 as a microtubule-associated protein, since microtubules are dissociated as soluble tubulin monomers during the process of homogenization of cells. A considerable amount of LC3 protein, however, also appeared in polysomal fractions, which contained the majority of fibronectin mRNA (fractions 12 to 17). It is of further interest that LC3 is frequently seen as a doublet and that the higher molecular weight component appears increased in the fractions containing heavy polysomes, and this will be discussed. However, LC3 was found in fractions carrying only ribosome subunits or ribonucleoproteins in the colchicine-treated cultures (fractions 1 to 4). In addition, the overall distribution of polysomes was not changed in colchicine-treated compared with normal-cultured SMCs (Figure 5c ). These data are consistent with the previous 1-step free versus membrane-bound polysome fractionation study of fibronectin mRNA distribution using Northern blot analysis. They further suggest that disruption of microtubules interferes with the interaction of fibronectin mRNA with LC3 and impedes the docking of fibronectin mRNA onto RER membrane-bound polysomes and the formation of heavier polysomes.
Using Northern blot analysis, we then investigated the polysomal distribution of c-myc mRNA, which also has ARE in its 3ЈUTR. The ARE in the 3ЈUTR of c-myc mRNA is involved in mRNA stability and interacts with several RNAbinding proteins different from LC3. 29 -33 Unlike fibronectin Postnuclei cell lysates were layered on a 15% to 40% sucrose gradient, centrifuged at 42 000 rpm for 2 hours at 4°C in a Beckman SW 50.1 rotor, and fractionated from top to bottom. Analyses of the distributions of fibronectin mRNA and LC3 protein were performed by RNase protection assay and Western immunoblotting, respectively, as described in Materials and Methods. One of 2 reproducible studies is shown as an autoradiograph at the top of panels a and b (arrowhead indicates the position of 80S monosome). The corresponding densitometric analysis using the NIH image program is graphically represented at the bottom of these panels. c, Ribosomal distribution is assessed by the optical density (OD) at 254 nm and is similar in normal and colchicine-treated cells.
Zhou and Rabinovitch September 7, 1998 485
mRNA, the overall distribution of c-myc mRNA, which was assessed in our system by Northern blot analysis, was not altered by colchicine treatment, although in the final fraction (fraction 20), there did appear to be slightly less c-myc mRNA in the colchicine-treated experiment ( Figure 6 ). This suggests that colchicine treatment affects selectively the polysomal distribution of fibronectin mRNA. To address the relationship of LC3 protein with ribosomes, we carried out a 4-hour rather than a 2-hour sucrose gradient centrifugation. LC3 protein codistributes with both the 40S and 60S subunits and continuously spreads toward the bottom of sucrose gradient-containing monosomes or polysomes (Figure 7 ). To substantiate this finding further, we carried out an EDTA-release experiment to dissociate 40S and 60S subunits from assembled monosomes and polysomes. LC3 protein clearly codistributes with 60S RNA, but there appears to be degradation of 40S RNA, and this is associated with reduced LC3 protein in these fractions.
Discussion
We have reported that a fibronectin mRNA ARE-binding protein is LC3 of microtubule-associated protein 1. 8 The work described in the present study was therefore undertaken to examine whether the mechanism by which LC3 regulates fibronectin mRNA translation involves microtubules. We have demonstrated that disruption of microtubules by colchicine selectively results in the repression of fibronectin mRNA translation in ductus arteriosus SMCs. We further demonstrate by cellular fractionation and polysome profile analysis of fibronectin mRNA and LC3 distribution that facilitation of fibronectin mRNA docking onto RER membrane-bound polysomes is likely the mechanism by which microtubules function in enhanced fibronectin mRNA translation mediated by LC3. To our knowledge, our findings provide the first evidence of a coordinated function of microtubules and a specific microtubule-associated protein (LC3) in regulating translation of a translationally activated mRNA encoding a secreted Figure 6 . a, Northern blot analysis of polysomal distribution of c-myc mRNA in normal and colchicine-treated ductus arteriosus SMCs. Similar distribution patterns for c-myc, as well as polysome profiles, assessed by ethidium bromide staining of agarose gel, were observed under both conditions. b, Corresponding densitometric analysis of c-myc mRNA using the NIH image program. Fraction 15 from the normal culture and fraction 7 from the colchicine-treated culture were missing or underloaded. Figure 7 . Association of LC3 protein with the 60S ribosomal subunit. a, Polysomal distribution of LC3 protein was studied by Western immunoblot analysis after EDTA treatment and a prolonged centrifugation, as described in Materials and Methods. Ethidium bromide staining of agarose gels indicates the distribution of ribosomal subunits, which show some separation with regard to 40S and 60S that is due to prolonged centrifugation compared with Figure 6 . After EDTA release, the majority of 60S subunits are shifted into 3 fractions (fractions 9 to 11). In the control with Mg 2ϩ , although most of LC3 protein is located in the top of sucrose gradient (fractions 1 to 3), a portion of LC3 protein exists in the fractions containing 60S ribosomal subunits. After releasing ribosomes by EDTA treatment, LC3 protein is seen codistributed with 60S in fractions 9 to 11. The possible mechanism accounting for the alteration in LC3 from a single band to a doublet is described in the text. b, Corresponding densitometric analysis of LC3 protein distribution is graphically represented. The location of LC3 in the gradient after EDTA release is indicated by the bold outline.
glycoprotein. It has previously been shown that mRNAs anchored to microtubules or other cytoskeletal elements encode nonsecretory proteins and are spatially localized. 10 -14 Signals that direct intracellular transport and localization of mRNAs are within the 3ЈUTR of mRNAs. For example, in Xenopus oocytes, Vgl RNA-binding protein mediates the association of Vgl mRNA with microtubules, and Vgl RNAbinding protein itself binds to microtubules. 21 In male germ cells, spermatid perinuclear RNA-binding protein, which binds to the 3ЈUTR of spermatid-specific protamine-1 mRNA, is localized to microtubules and is proposed to be functionally involved in RNA transport or translational activation. 22 In mice, a testis/brain RNA-binding protein attaches to translationally repressed transcripts, such as protamine-2, tau, and myelin basic protein containing conserved sequences (Y and H elements). 20 Colchicine has been used previously to depolymerize microtubules to establish their pivotal role in the transport or localization of mRNA. In our studies, we used colchicine to determine that microtubules are critical to fibronectin mRNA translation. Others have reported that colchicine treatment inhibits synthesis of collagen, 34 stearoyl coenzyme A desaturase, and fatty acid synthetase 35 without affecting total protein synthesis, but the mechanism was unexplored. Colchicine has also been demonstrated to inhibit general translation of mRNA in hepatectomized rats without affecting cell proliferation by inducing a global dissociation of membrane-bound polysomes. 36, 37 However, this mechanism cannot explain the selective inhibition of fibronectin mRNA translation by colchicine in the present study, since the overall polysome profile was unchanged in colchicine-treated cells compared with normal cultures, yet the association with fibronectin mRNA was altered. The difference may be related to the experimental model: whole hepatectomized animal and rapidly proliferating hepatic cells versus, in the present study, relatively quiescent cultured SMCs.
It is also interesting that the staining of LC3 in the SMC appears "particulate" around the perinuclear region, even in non-colchicine-treated ductus arteriosus cells. This suggests that LC3 may associate with fibronectin mRNA as a ribonucleoprotein complex that contains segregated microtubule elements as described previously by others. 12 Since there were no changes in LC3 protein or fibronectin mRNA levels after disruption of microtubules by colchicine or in the LC3 perinuclear distribution pattern, we speculate that the decreased translation of fibronectin mRNA is due to an inability of LC3, in the absence of microtubules, to influence the sorting of fibronectin mRNA onto membrane-bound polysomes.
We attempted to elucidate the mechanism by which LC3 regulates fibronectin mRNA translation in the context of microtubules by comparing intracellular distribution of both fibronectin mRNA and LC3 protein in normal cultured or colchicine-treated ductus arteriosus SMCs. Colchicine treatment diminished membrane-associated fibronectin mRNA, suggesting that sorting of fibronectin mRNA onto the RER membrane was impaired. Further polysome profile studies indicated that the fibronectin mRNA is translationally activated in ductus arteriosus SMCs, whereas the distribution of LC3 protein exhibited a biphasic pattern. The majority of LC3 protein was distributed with the translationally inactive subunits, which would likely be due to the dissociation of microtubules after homogenization of the cells on ice. A small fraction of LC3, however, codistributed with fibronectin mRNA on the heavy polysomes. The overlap of distribution of fibronectin mRNA and LC3 protein in ductus arteriosus SMCs suggests that LC3 is associated with ribosomes through the binding of fibronectin mRNA. 8 However, we could not exclude the possibility that LC3 is associated with other mRNAs containing AREs in the complex of ribonucleoproteins or is directly associated with ribosomal subunits.
We have made a similar observation in a natural LC3 "knockout" cell line, HT1080 human fibrosarcoma cell. Expression of LC3 in those cells increases fibronectin mRNA translation due to enhanced recruitment of ribosomes, and LC3 protein and fibronectin mRNA codistribute with heavy polysomes in the sucrose gradient. 38 Others have also shown that ectopic expression of another RNA binding protein, Hel-N1, in 3T3-L1 preadipocytes increases glucose transporter (GLUT1) expression as a result of the acceleration of recruitment and progression from the preinitiation complex to heavy polysomes. 39 However, the association of Hel-N1 with translational machinery (polysome profile) was not addressed in that study.
The polysomal distribution of fibronectin mRNA and LC3 protein in colchicine-treated cells provides additional experimental evidence that intact microtubule structures are required for the interaction of LC3 and fibronectin mRNA and for the docking of fibronectin mRNA onto polysomes. Disruption of microtubules by colchicine shifts the fibronectin mRNA into fractions in the sucrose gradient associated with fewer polysomes, and LC3 was detected in only the translationally inactive fractions. This finding strongly suggests that there are 2 functionally distinct pools of LC3: one binds microtubules, and the other binds fibronectin mRNA and associates with 60S ribosomal subunits. Microtubules may affect fibronectin mRNA translation by providing a "track" for mRNA sorting to RER ( Figure 8 shows the proposed schema), thus incorporating the dual function of LC3 both as a microtubule-and as an mRNA-binding protein.
The association of LC3 with ribosomal subunits, mainly 60S subunits, also implies a function related to translational initiation as has been described for other RNA-binding proteins. 28, 39 The LC3 in the translationally inactive compartment may represent a storage pool, and modification of microtubule-associated LC3 by phosphorylation 40 is necessary for its function in promoting membrane-bound polysome recruitment of fibronectin mRNA. This also appears to explain the LC3 doublet observed in the polysome assay. Alterations in phosphorylation status are of functional significance in other ARE-binding proteins 41 and in the testis/brain RNA binding protein, which also binds microtubules. 19, 20 Although we have focused on the relationship between LC3 and fibronectin mRNA translation in the context of microtubules, it is likely that LC3 regulates other mRNAs, particularly those with AREs, which may also influence the migratory cell phenotype in ductus arteriosus SMCs or which are associated with neointimal formation in vascular diseas-es. [42] [43] [44] [45] [46] Therefore, we also examined the polysome distribution pattern for c-myc, a proto-oncogene with an ARE in its 3ЈUTR. However, the polysomal distribution pattern for c-myc mRNA did not change after colchicine treatment in the manner observed for fibronectin mRNA. This may reflect the interaction of c-myc with different RNA-binding proteins and the influence of c-myc ARE on a different posttranscriptional mechanism, ie, mRNA stability versus translation. 28 -33 Alternatively, unlike fibronectin mRNA, c-myc mRNA encodes a nuclear protein that is not translated by RER membranebound polysomes. In summary, our data show that the effect of intact microtubules on translational regulation of fibronectin mRNA mediated by LC3 is likely at the level of sorting of mRNA onto RER. How binding of LC3 to 3ЈUTR of fibronectin mRNA impacts on ribosome recruitment and how microtubules influence the interaction of LC3 and fibronectin mRNA will be of great interest in future studies. The dual function of LC3, ie, binding of LC3 to fibronectin mRNA through the ARE at the 3ЈUTR and to microtubules, may facilitate sorting of fibronectin mRNA onto RER via microtubules. Alternatively, LC3 may dissociate from microtubules and link fibronectin mRNA to ribosomal complex by binding to the ARE and to an unknown factor (designated as ?) in the 60S ribosomal subunit.
